. Here we show that directing a CD19-specific CAR to the T-cell receptor α constant (TRAC) locus not only results in uniform CAR expression in human peripheral blood T cells, but also enhances T-cell potency, with edited cells vastly outperforming conventionally generated CAR T cells in a mouse model of acute lymphoblastic leukaemia. We further demonstrate that targeting the CAR to the TRAC locus averts tonic CAR signalling and establishes effective internalization and re-expression of the CAR following single or repeated exposure to antigen, delaying effector T-cell differentiation and exhaustion. These findings uncover facets of CAR immunobiology and underscore the potential of CRISPR/Cas9 genome editing to advance immunotherapies.
. This efficient targeting, reported here for the first time at the TRAC locus, is comparable to levels reached in T cells at the AAVS1, CCR5 or CD40L loci 12, 14, 15 . Approximately 95% of CAR + cells were T-cell receptor (TCR)-negative (Extended Data Fig. 1g ), validating the 2-in-1 TCR-knockout and CAR-knock-in strategy. The observed 5% of CAR + TCR + cells is consistent with the typical frequency of dual-TCRα -expressing T cells 16 . The targeting specificity was confirmed by mapping AAV vector integration over f-j, NALM-6-bearing mice were treated with 1 × 10 5 CAR T cells (n = 7 per group; dot = one mouse), and euthanized at days 10 and 17 after infusion; bone marrow CAR T cells and NALM-6 cells were analysed and counted by FACS (colours as in e). f, CAR T cells. g, Tumour (GFP + CD19 + ) cells. h, CAR T cells to tumour ratio. i, Percentage of effector memory (CD62L − CD45RA − ) and effector (CD62L − CD45RA + ) in CAR T cells at day 17. j, Percentage of CAR T cells expressing exhaustion markers; quantified by FACS at day 17. * P < 0.05, * * P < 0.01, * * * P < 0.001, * * * * P < 0.0001 (Welch's two samples t-test (c, d); log-rank Mantel-Cox test (e); MannWhitney (f-i)). All data are means ± s.d. See also Extended Data , which confirmed the high selectivity for TRAC integration and absence of off-target hotspots (Extended Data Fig. 2 ). These results demonstrate the high efficiency and precision of gene targeting offered by CRISPR/Cas9 and our ability to reproducibly generate up to 50 × 10 6 TRAC-CAR T cells. We found homogenous and consistent expression of TRAC-CAR in multiple donors, in contrast to retrovirally encoded CAR (RV-CAR), which showed variegated expression with a twofold higher mean expression (Fig. 1c, d) .
In vitro functional studies did not reveal any notable differences between TRAC-encoded and randomly integrated 1928z, in terms of both cytotoxicity and T-cell proliferation in response to weekly stimulation with CD19 + antigen-presenting cells 2 (Extended Data  Fig. 3b, c) . These experiments included a control group in which TCRdisrupted T cells expressing retrovirally transduced CAR (RV-CAR-TCR -) responded similarly to RV-CAR TCR + T cells (Extended Data  Fig. 3a) . In vivo, however, in the pre-B acute lymphoblastic leukaemia NALM-6 mouse model using the 'CAR stress test' , in which CAR T-cell dosage is gradually lowered to reveal the functional limits of different T-cell populations 2, 18 , TRAC-CAR, RV-CAR and RV-CAR-TCR -T cells differed markedly in their anti-tumour activity. TRAC-CAR T cells induced greater responses and prolonged median survival at every T-cell dose (Fig. 1e, Extended Data Fig. 4a ). TCR disruption had no discernable effect on the potency of RV-CAR T cells. Bone marrow studies in mice injected with 1 × 10 5 CAR T cells showed similar T-cell accumulation at the tumour site after 10 days (Fig. 1f) . However, only the TRAC-CAR T cells achieved tumour control (Fig. 1g, h ). By day 17, TRAC-CAR T cells exceeded RV-CAR T cells in number, as the latter diminished relative to day 10, despite the continued presence of CD19 + tumour cells (Fig. 1f -g, Extended Data Fig. 4b) . Furthermore, the CAR T-cell groups differed in the degree of T-cell differentiation and exhaustion, as reflected in the proportion of terminal effector cells (CD45RA + CD62L − ) and accumulation of co-expressed PD1, LAG3 and TIM3 (ref. 19) , respectively. Thus, conventional CAR T cells showed up to 50% positive expression of three markers of exhaustion by day 17, in contrast to less than 2% of the TRAC-CAR T cells, which also retained a larger effector memory composition (Fig. 1i , j, Extended Data Fig. 4c, d ). Terminal differentiation and acquisition of this exhaustion phenotype is consistent with diminished anti-tumour activity 20 . Interestingly, CAR expression in bone marrow T cells was similar to pre-infusion levels for TRAC-CAR T cells but diminished in both RV-CAR groups (Extended Data Fig. 4e ). Importantly, cell-surface expression of the mutant LNGFR reporter 21 (co-expressed through a self-cleaving 2A element) was undiminished, ruling out vector silencing as the explanation for diminished CAR expression (Extended Data Fig. 4g, h) . The CAR expression level measured in RV-CAR T cells negatively correlated with tumour burden (Extended Data Fig. 4i ), suggesting that cell-surface CAR was downregulated in proportion to tumour antigen. These in vivo findings thus not only demonstrated the superior anti-tumour activity of TRAC-CAR T cells, but also forged a link between tumour control, T-cell differentiation and exhaustion, and CAR expression levels. These same patterns were observed with another CAR, 19BBz, which utilizes the 4-1BB cytoplasmic domain as its costimulatory moiety (Extended Data Fig. 5 ).
To further analyse the effect of CAR expression levels on T-cell function, we first examined T-cell phenotype when cultured in the absence or presence of antigen (Fig. 2) . Five days after transduction, RV-CAR T cells already showed evidence of activation, exhaustion and differentiation (Fig. 2a, Extended Data Fig. 6a ), similar to results obtained with a previously described retrovirally delivered CAR 22 . By contrast, TRAC-CAR T cells maintained a phenotype analogous to untransduced T cells (Fig. 2a) , mainly composed of naive and central memory cells (CD62L + cells), a phenotype associated with greater in vivo anti-tumour activity 20, 23 . Consistent with constitutive activating signalling, we found that RV-CARs, but not TRAC-CARs, had phosphorylated immune-based tyrosine activation motifs 22 ( Fig. 2b, c ).
Further differences were noted upon exposure to antigen. In contrast to TRAC-CAR T cells, RV-CAR T cells stimulated 1, 2 or 4 times in a 48 h period differentiate into effector T cells, identified on the basis of phenotype (loss of CD62L), cytokine secretion (increased IFNγ , IL2 and TNFα ) and expression of master transcription factors (increased T-bet, EOMES and GATA3) (Fig. 2d , e, Extended Data Fig. 6b-d) . These results indicated that the improved efficacy of TRAC-CAR T cells is related to its CAR expression level by reducing tonic signalling and delaying T-cell differentiation upon stimulation.
To control CAR expression, we first attempted to vary the retroviral vector copy number. Lowered gene transfer efficiency only modestly affected the CAR expression level (Extended Data Fig. 7) . Interestingly, even when mean RV-CAR expression matched that of TRAC-CAR, the former still displayed accelerated differentiation upon multiple stimulations, suggesting that dynamic regulation of CAR expression, and not just baseline expression, promotes distinct functional characteristics.
To further define the importance of CAR expression levels, we generated T cells that expressed CAR from different genomic loci and promoters. To examine the specific contribution of the TRAC locus and its promoter, we designed a further seven constructs targeting the 1928z CAR to the TRAC or the β 2 -microglobulin (B2M) locus (MHC-I-related gene known to be expressed in all T cells), using either endogenous or exogenous promoters (Fig. 3a , b, Extended Data Fig. 8a -e). We successfully engineered CAR T cells at both loci, achieving homogenous CAR expression with mean levels ranging from seven times lower (B2M-PGK100) to more than double (TRAC-EF1α ) that of TRAC-CAR endogenous promoter ( Fig. 3c -e, Extended Data Fig. 8 ).
All of the combinations that conferred higher CAR expression than TRAC-CAR displayed the tonic signalling signature, in contrast to those providing lower expression, consistent with a previous study linking expression level to antigen-independent signalling 24 ( Fig. 3e, Extended Data Fig. 8f ). We selected three of these for in-depth analysis: high-expressing TRAC-EF1α and low-expressing B2M-CAR and TRAC-LTR (RV enhancer-promoter), comparing their in vitro and in vivo potency against TRAC-CAR. In vitro, following repeated antigenic stimulations, TRAC-EF1α CAR T cells rapidly acquired effector profiles, whereas B2M-CAR and TRAC-CAR T cells retained a central memory phenotype (Fig. 3f, Extended Data Fig. 9a ). Interestingly, although TRAC-LTR directed lower baseline CAR expression than RV-CAR and averted the tonic signalling, the LTR still promoted from within the TRAC locus the same differentiation pattern as RV-CAR. In the NALM-6 stress test model, none of the three locus-promoter combinations displayed the same anti-tumour efficacy as TRAC-CAR (Fig. 3g, h ). 10 and 17 days after infusion of 1 × 10 5 CAR T cells, the number of CAR T cells that accumulated in bone marrow was similar or higher than for TRAC-CAR T cells; however, only TRAC-CAR T cells could efficiently control tumour progression (Extended Data Fig. 9c-e) . Although B2M-CAR T cells seemed to preserve an effector/effector-memory ratio similar to TRAC-CAR T cells, they too acquired a preponderant exhaustion signature (Extended Data  Fig. 9f, g ), suggesting that delayed differentiation may be independent from exhaustion. Together these results underscored the effect of CAR targeting and further suggested regulation of CAR expression extending beyond baseline transcriptional control.
We therefore closely analysed CAR expression upon encounter with antigen. To this end, CAR T cells were admixed with CD19 + antigen-presenting cells and cell-surface CAR expression was examined at regular time intervals (Fig. 4a) . CAR expression decreased within hours of exposure to CD19 in both targeted and randomly integrated CAR T cells, accompanied by a deeper drop and longer recovery lag when the initial level was lower. The subsequent return to baseline expression most notably distinguished the different T-cell populations.
To better study the mechanism behind the drop in CAR cell-surface expression, we designed a CAR-GFP fusion protein to analyse both cell-surface and intra-cellular CAR expression, and compare it to cells expressing a CAR with a co-translated but cleaved LNGFR reporter (Fig. 4b, c) . We observed that CAR expression was downregulated independently of LNGFR, suggesting physical internalization rather than a transcriptional process. The co-reduction of CAR and GFP signal following antigen encounter indicated that CAR internalization was followed by its degradation. The occurrence of CAR degradation following exposure to antigen suggested that de novo CAR synthesis from CAR mRNA would be needed to precisely and timely restore CAR expression and support effective T-cell function. Careful analysis of CAR cell-surface expression following repeated antigen stimulation (Fig. 4d, Extended Data Fig. 10a ) identified two main patterns in the recovery phase (12-48 h hours after antigen exposure). In TRAC-EF1α , TRAC-LTR and RV-CAR T cells, CAR cell-surface expression increased after each stimulation, two-to fourfold above baseline within 24 h. In both TRAC-and B2M-CAR T cells, CAR expression decreased upon repeated stimulations and remained below baseline after 48 h (Fig. 4d) . Steady-state mRNA analysis showed a linear correlation between cell-surface protein level (Fig. 4e, Extended Data Fig. 10b ) and the transcriptional response to CAR T-cell activation (Fig. 4f) , pointing to the essential role of promoter strength and regulation to enable optimal post-stimulation replenishment of cell-surface CAR expression.
This CAR protein/RNA downregulation and subsequent reexpression is reminiscent of TCR regulation upon stimulation of human T cells 25 and antigen-induced TCR recirculation in mouse T cells [26] [27] [28] . Similarly, accelerated differentiation and exhaustion have been reported in the context of excessive and continuous activation of the TCR 29, 30 . Altogether, these converging findings support the conclusion that TRAC has a role in control of CAR expression in two critical ways. One is to promote optimal baseline expression, which prevented tonic signalling in the absence of antigen and allowed effective CAR internalization upon single or multiple contacts with antigen. The other is to direct a balanced transcriptional response resulting in a kinetically optimal recovery of baseline CAR expression after antigen engagement. In contrast to T cells with higher CAR expression, the TRAC-CAR profile correlated with decreased T-cell differentiation and exhaustion, resulting in superior tumour eradication. Our studies, which compared randomly integrating CARs versus CARs targeted to two loci in eight different transcriptional configurations, illustrate the exquisite sensitivity of CAR regulation. Thus, although the endogenous B2M promoter responded similarly to TRAC upon CAR stimulation, B2M-CAR did not perform as well as TRAC-CAR in vivo, indicating that the lower basal expression level it offered is insufficient for effective CAR activity. TRAC-LTR provided baseline expression comparable to TRAC, but its prompt rebound after activation was associated with poor T-cell performance and accelerated differentiation. We therefore conclude that both the basal and dynamic CAR expression levels contribute to sustaining T-cell function.
In summary, we demonstrate that targeting a CAR coding sequence to the TCR locus, placing it under the control of endogenous regulatory elements, reduces tonic signalling, averts accelerated T-cell 
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Relative CAR RNA Hours Hours differentiation and exhaustion, and increases the therapeutic potency of engineered T cells. Our kinetic measurements of antigen-induced CAR internalization and degradation revealed differential recovery of cell-surface CAR depending on the enhancer/promoter elements driving CAR expression. These findings demonstrate that tight transcriptional regulation of CAR expression is critical for effective tumour eradication. The targeting of CARs to a TCR locus may thus provide a safer therapeutic T cell (by minimizing the risks of insertional oncogenesis and TCR-induced autoimmunity and alloreactivity), a better defined T-cell product (by yielding constant CAR expression and avoiding position-effect variegation and vector copy number variation) and a more potent T cell (by reducing constitutive signalling and delaying T-cell exhaustion). Finally, our results demonstrate the relevance of studying CAR immunobiology and the vast potential of genome editing to advance T-cell therapies.
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Data reporting. The experiments were not randomized and the investigators were not blinded to allocation during experiments and outcome assessment. Guide RNA. We designed a gRNA to target the first exon of the constant chain of the TCRα gene (TRAC). The sequence targeted is located upstream of the transmembrane domain of the TCRα . This domain is required for the TCRα and β assembly and addressing to the cell-surface. Both, non-homologous end joining (NHEJ) and integration of the CAR by HDR at this locus would then efficiently disrupt the TCR complex.
For the B2M, we designed both a gRNA and a TALEN (transcription activator-like effector nucleases) targeting the first exon of B2M gene and obtained a higher cutting efficiency with the TALEN. We used the same protocol and obtained similar cytotoxicity and specificity of both methods and the CAR T cells obtained were not discernable in term of activity and proliferation (data not shown). For manufacturing reasons we mainly used the B2M TALEN in this study. TRAC gRNA sequence. 5′-C* A* G * G GU UC UG GA UA UC UG UG UU UU AG AG C U AG AA AU AG CA AG UU AA AA UA AG GC UA GU CC GU UA UC AACUUGAAAA AGUGGCACCGAGUCGGUGCU* U* U* U-3′ B2M gRNA sequence. 5′-G* G* C* C AC GGAGCGAGACAUCUUUUUAGAGC UAGAAAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGAAAA AGUGGCACCGAGUCGGUGCU* U* U* U-3′. Asterisk (*) represents 2′ -O-methyl 3′ phosphorothioate. B2M-TALEN-targeting sequence. 5′-TTAGCTGTGCTCGCGC(TACTC TCTCTTTCTG)GCCTGGAGGCTATCCA-3′. Left TAL effector (spacer) right TAL effector. Messenger RNA. Modified guide RNAs (gRNAs) and Cas9 mRNA were synthesized by TriLink Biotechnologies. Guide RNAs were reconstituted at 1 μ g μ l −1 in cytoporation T Buffer (Harvard Apparatus). AAV. Based on a pAAV-GFP backbone (Cell Biolabs) we designed and cloned the pAAV-TRAC-1928z containing 1.9 kb of genomic TRAC (amplified by PCR) flanking the gRNA targeting sequences, a self-cleaving P2A peptide in frame with the first exon of TRAC followed by the 1928z CAR used in clinical trials 13 . Briefly, the CAR comprises a single chain variable fragment 19scFV specific for the human CD19 preceded by a CD8a leader peptide and followed by CD28 hinge-transmembrane-intracellular regions and CD3ζ intracellular domain. The CAR cDNA is followed by the bovine growth hormone polyA signal (bGHpA). When targeting the B2M locus, a similar strategy was followed, except that no P2A sequence was required since the 1928z-pA sequence was placed in frame at the ATG of the B2M gene. When using exogenous promoters (EF1α , LTR, PGK or PGK100), the promoter-1928z-pA cassette was placed in reverse orientation at the same TRAC or B2M entry points. Cells. Buffy coats from healthy volunteer donors were obtained from the New York Blood Center. Peripheral blood mononuclear cells were isolated by density gradient centrifugation, and T lymphocytes were then purified using the Pan T cell isolation kit (Miltenyi Biotech). Cells were activated with Dynabeads (1:1 beads:cell) Human T-Activator CD3/CD28 (ThermoFisher) in X-vivo 15 medium (Lonza) supplemented with 5% human serum (Gemini Bioproducts) with 200 U ml −1 IL-2 (Miltenyi Biotech) at a density of 10 6 cells per ml. The medium was changed every 2 days, and cells were replated at 10 6 cells per ml. Gene targeting. 48 h after initiating T-cell activation, the CD3/CD28 beads were magnetically removed, and the T cells were transfected by electrotransfer of Cas9 mRNA and gRNA using an AgilePulse MAX system (Harvard Apparatus). 3 × 10 6 cells were mixed with 5 μ g of Cas9 and 5 μ g of gRNA into a 0.2 cm cuvette. Following electroporation cells were diluted into culture medium and incubated at 37 °C, 5% CO 2 . Recombinant AAV6 donor vector (manufactured by SignaGen) was added to the culture 2 to 4 h after electroporation, at the indicated multiplicity of infection (1 × 10 5 to 1 × 10 6 range). Subsequently, edited cells were cultured using standard conditions (37 °C and expanded in T-cell growth medium, replenished as needed to maintain a density of ~ 1 × 10 6 cells per ml every 2 to 3 days). To obtain TCR-negative T cells, TCR-positive T cells were removed from the culture using magnetic biotin-anti-TCRα β and anti-biotin microbeads and LS columns (Miltenyi Biotech). For whole-genome mapping of TRAC-1928z integration, TCR-negative cell fraction was analysed using the TLA technology 31 were prepared as previously described 2, 32 . VSV-G pseudotyped retroviral supernatants derived from transduced gpg29 fibroblasts (H29) were used to construct stable retroviral-producing cell lines as previously described 33 . T cells were transduced by centrifugation on Retronectin (Takara)-coated plates. Cell lines. NALM-6 and NIH/3T3 were obtained from ATCC and were regularly tested for mycoplasma contamination using the MycoAlert Mycoplasma Detection Kit (Lonza). NALM-6 cells were transduced to express firefly luciferase-GFP and NIH/3T3 cells transduced to express human CD19 (refs 2, 18) . Cytotoxicity assays. The cytotoxicity of T cells transduced with a CAR was determined by standard luciferase-based assay. In brief, NALM-6 expressing firefly luciferase-GFP served as target cells. The effector (E) and tumour target (T) cells were co-cultured in triplicates at the indicated E/T ratio using black-walled 96-well plates with 1 × 10 5 target cells in a total volume of 100 μ l per well in NALM-6 Medium. Target cells alone were plated at the same cell density to determine the maximal luciferase expression (relative light units; RLUmax). 18 h later, 100 μ l luciferase substrate (Bright-Glo, Promega) was directly added to each well. Emitted light was detected in a luminescence plate reader or Xenogen IVIS Imaging System (Xenogen), and quantified using Living Image software (Xenogen). Lysis was determined as (1 − (RLUsample)/(RLUmax)) × 100. Antigen stimulation and proliferation assays. NIH/3T3 expressing human CD19 were used as artificial antigen-presenting cells , CAR T cells injected four days later. NALM-6 produce very even tumour burdens and no mice were excluded before treatment. No randomization or blinding methods were used. Bioluminescence imaging used the Xenogen IVIS Imaging System (Xenogen) with Living Image software (Xenogen) for acquisition of imaging datasets. Tumour burden was assessed as previously described 34 . RNA extraction and real-time quantitative PCR. Total RNA was extracted from T cells by using the RNeasy kit (QIAGEN) combined with QIAshredder (QIAGEN), following the manufacturer's instructions. RNA concentration and quality were assessed by UV spectroscopy using the NanoDrop spectrophotometer (Themo Fisher Scientific). One hundred to 200 ng total RNA were used to prepare cDNA using the SuperScript III First-Strand Synthesis SuperMix (Invitrogen), with a 1:1 volume ratio of random hexamers and oligo dT. Completed cDNA synthesis reactions were treated with 2U RNase H for 20 min at 37 °C. Quantitative PCR was performed using the ABsolute Blue qPCR SYBR Green Low ROX Mix, and the following primer sets: Ribosomal 18S: forward 5′-AACCCGTTGAACCCCATT-3′, reverse 5′-CCATCCAATCGGTAGTAGCG-3′; 1928z: forward 5′-CGTGCAGTCTAAAGACTTGG-3′, reverse 5′-ATAGG GGACTTGGACAAAGG-3′; T-bet: forward 5′-GAAACCCAGTTCATTGCCGT-3′, reverse 5′-CCCCAAGGAATTGACAGTTG-3′; EOMES: forward 5′-ACT GGTTCCCACTGGATGAG-3′, reverse 5′-CCACGCCATCCTCTGTAACT-3′; GATA3: forward 5′-CACAACCACACTCTGGAGGA-3′, reverse 5′-GGTTTCT GGTCTGGATGCCT-3′. PCR assays were run on the QuantStudio(TM) 7 Flex System, and C t values were obtained with the QuantStudio Real-Time PCR software. Relative changes in gene expression were analysed with the 2 ΔΔC t method. RNA expression levels were normalized to the percentage of CAR + T cells for each group of T cells analysed. Statistics. All experimental data are presented as mean ± s.e.m. No statistical methods were used to predetermine sample size. Groups were compared using the Welch's two-sample t-test for parametric data (sample size, > 10) or the Mann-Whitney Test for non-parametric data (sample size, < 10). We used Welch's correction, as the variances were not equal. 
